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A UV study of nearby luminous infrared galaxies: star 
formation histories and the role of AGN 
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ABSTRACT 

We employ UV and optical photometry, from the GALEX and SDSS surveys respec- 
tively, to study the star formation histories (SFHs) of 561 luminous infrared galaxies 
(Lir > 10 11 i Q ) in the nearby (z < 0.2) Universe. Visual inspection of a subsam- 
ple of galaxies with r < 16.8 and z < 0.1 (for which eyeball classification of galaxy 
morphologies is reliable) indicates that a small fraction (~ 4%) have spheroidal or 
near-spheroidal morphologies and could be progenitors of elliptical galaxies. The re- 
maining galaxies are morphologically late-type or ongoing mergers. 61% of the LIRGs 
do not show signs of interactions (at the depth of the SDSS images), while the remain- 
ing objects are either interacting (~ 18%) or show post-merger morphologies (~ 19%). 
Notwithstanding the high obscuration in their stellar continua (< A(FUV) >^ 2.6 
mags, assuming a Calzetti dust law), virtually all low-redshift LIRGs inhabit in the 
UV 'blue cloud'. The (SSP-weighted) average age of the underlying stellar populations 
in these objects is typically 5-9 Gyrs, with a mean value of ~ 6.8 Gyrs. ~ 60% of the 
LIRG population began their recent star formation (RSF) episode within the last Gyr, 
while the remaining objects began their RSF episodes 1 to 3 Gyrs in the past. Up to 
35% of the stellar mass in the remnant forms in these episodes - the mean value is 
~ 15%. The (decay) timescales of the star formation are typically ~few Gyrs, indicat- 
ing that the star formation rate does not decline significantly during the course of the 
burst. 14% of the LIRG population host (Type 2) AGN, with a hint that the AGN 
fraction rises in interacting population (although low number statistics hamper a ro- 
bust result). The AGN hosts show UV and optical colours that are redder than those 
of the normal (non-AGN) population. There is no evidence for a systematically higher 
dust content in the AGN hosts. AGN typically appear ~ 0.5 — 0.7 Gyrs after the onset 
of star formation and the redder colours are a result of older RSF episodes, with no 
measurable evidence of negative feedback from the AGN on the star formation in their 
host galaxies. Finally, we use the spheroidal and near-spheroidal objects identified in 
this sample to study the star formation that is plausibly induced by major mergers 
in the low redshift Universe. The spheroidal remnants exhibit (SSP-weighted) average 
ages of ~ 6.9 Gyrs and form between 5 and 30% of their stellar mass in the RSF 
episode, over time periods between 0.3 and 4 Gyrs. We speculate that these galaxies 
are the products of 'mixed' major mergers, where at least one of the progenitors has 
late-type morphology. 

Key words: galaxies: evolution - galaxies: formation - galaxies: interactions - in- 
frared: galaxies - ultraviolet: galaxies 



1 INTRODUCTION 

The first infrared (IR) all-sky survey, performed by the 
Infrared Astronomical Satellite (IRAS; Neugebauer et al. 
1984), yielded a vast population of 'Luminous Infrared 
Galaxies' (LIRGs) that emit the bulk of their bolo- 
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metric luminosity in the far-infrared (FIR) wavelengths 
l|Sanders fc Mirabellll996l ). At luminosities greater than ~ 
1O 11 L0, they dominate the galaxy census in the nearby 
Universe, becoming more numerous (at comparable lu- 
minosities) than optically selected star- forming galaxies , 
Seyferts and quasi-stellar o b jects (QSOs) (ISoifer et al.|[l987l : 
ISoifer fc Neugebauer! Il99ll : (Sanders fc Mirabell Il996r ). Tra- 
ditionally, a distinction is made between LIRGs, in which 
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lO^Lo < Lib < 10 12 L Q and a more powerful class of 
'Ultra-Luminous Infrared Galaxies' (ULIRGs) which satisfy 
Lib > 1O 12 L . 

The infrared continua of LIRGs is dominated by ther- 
mal re-radiation, by dust, of the ultra-violet (UV) flux from 
massive main sequence stars in regions of intense star for- 
mation activity, with a minor contribution from a dust - 
enshrouded AGN (e.g. iRowan-Robinson fc Crawfordlll989l ). 
While the role of the AGN may increase in significance 
for Lib > 10 12 Lq, the relative contributions from star 
formation and th e AGN in ULIRGs are still a matter of 
some debate (see I Joseph! Il999l ; ISandersI 1 19991 ; lElbaz et all 
120051 ; iTeng et al.ll2005l . and references therein). While 'cool' 
ULIRGs (/25//60 < 0.25) may simply involve scaled up ver- 
sions of the starbursts that drive LIRGs (e.g. Egami et al. 
2004), a substantial AGN contribution to the infrared con- 
tinuum is expected in 'warm' ULIRGS (/25//60 > 0.25), 
which exhibit optical, near-infrared and X-ray signatures of 
a powerful (dust-enshrouded) AGN (e.g. Veilleux et al. 1999; 
see Chakrabarti et al. 2007 for a theoretical interpretation). 

The vigorous star formation activity itself is thought 
to be induced either by (molecular) gas-rich mergers (e.g. 
Sanders fc Mirabel|[l996l ; ISanders fc Ishidall2004l ; lLaag et all 
20061 ) or by bar"" " driven star formation in spiral galaxies 
(e.g. IWang et al.l l2006h . While the contributions to the 
LIRG population from mergers and spirals at the high 
mass end (M* > 10.5Mq) are comparable in the nearby 
Universe (fwang et al.l l2006h . ULIRGs are composed al- 
most exclusively of objects that appear to b e in the ad- 
vanced stages of a major merge r (e.g. Arp 220; ISoifer et al.l 
1 19841 ; I Sanders fc Mirabell Il996l ) . The merger-driven nature 
of both LIRGs and ULIRGs is consistent with t he fact that 
both populations typ ically inhabit the field (e.g. lGoto|[2005l ; 
IZauderer et alj|2007l ) , where relative velocities are lower and 
merging is more frequent. 

The relative abundance of LIRGs shows a strong evo- 
lution with redshift, consistent with the steep decline of the 
cosmic star formatio n rate (SFR) tha t is observed over th e 
last 8 billion years (jLillv et all Il99fj : iMadau et a"Dll998h . 
While they are relatively rare in the local Universe, compar- 
ison of the IR luminosity functions from IRAS, at z < 0.3, to 
surveys by the Infrared Space Observatory (ISO; Taniguchi 
et al. 1997; Elbazl999) at intermediate redshifts (0.3 < z < 
1.5) indicates that the comoving space density of LIRGs 
rises by approximately three orders o f magnitude in the red- 
shift range < z < 1 |SandersH2003h . The large population 
of faint sub millimeter sources discovered using the SCUBA 
camera (e.g. lSmail et al.fl 997) provides access to the ULIRG 
population at z >> 1 (with the ULIRGs dominating the en- 
ergy density in this redshift reg ime). These submillimeter 
studies (see e.g. iLillv et al.l"l999l L coupled with accurate de- 
terminations oLthejnsaiij^slTift of the submillimeter pop- 
ulation (e.g. IChapman et al.l 1200*31 ). indicate that the space 
density of ULIRGs at z ~ 2.4 is a factor of 10 3 higher than 
in the local Universe. Furthermore, their total FIR luminos- 
ity density exceeds the optical luminosity density from the 
general galaxy population by up to an order of magnitude 
at z > 1.5. Finally, morphological studies of LIRGs over the 
last 8 billion years indicate that the relati ve proportions of 
merg ers and spirals evolve with redshift ((Melbourne et all 
12005T I. with the fraction of mergers steadily increasing to- 



wards present-da y (e.g. IZheng et al]|2004 iBell et alj 120051 : 
IWang et al.ll2006h . 

The advent of the GALEX ultra-violet (UV) space tele- 
scope (Martin et al. 2005) is revolutionising our understand- 
ing of the local Universe in the UV wavelengths (shortward 
of ~ 3000A). The UV spectrum is overwhelmingly dom- 
inated by flux from young massive main sequence stars, 
making it an ideal probe of recent star formation (RSF) in a 
variety of systems. Furthermore, the UV re mains largely un - 
affected by the age-metallicity degeneracy l|Worthevlll994T ) 
that typically plagues optical analyses (Kaviraj et al. 2007a), 
making it an ideal photometric indicator of RSF. Among 
the many successes of the new GALEX results has been the 
detection of widespread low-level RSF in the nearby early- 
type population (see Kaviraj et al. (2007b) for a review) and 
new insights into the quenching mechanisms that operate in 
post-starburst (E+A) galaxies at low redshift (Kaviraj et al. 
2007c). 

Given its sensitivity to recent and ongoing star for- 
mation, the combination of UV and optical photometry is 
ideal for exploring the star formation histories (SFHs) of the 
nearby LIRG population. GALEX data has already been 
employed in the study of LIRGs and its evolution with red- 
shift. Burgarella et al. (2005a) studied the GALEX pho- 
tometry of 19 galaxies with spectroscopic redshifts that are 
observed at 15/xm as part of the European Large- Area ISO 
Survey (ELAIS). The objects selected exhibit infrared lu- 
minosities in the range 10 10 Lq < Lib < W 13 Lq and most 
are in the nearby Universe (z < 0.3). Comparison of their 
IR and UV luminosities yields an average dust attenuation 
in the FUV (~ 1530A) of A(FUV) ~ 2.7 mags (see also 
Burgarella et al. 2005b). A recent study of 190 intermediate- 
redshift ( z ~ 0.7) LIRGs, o bserved with Spitzer/MIPS and 
GALEX (|Buat et al.ll2007h , reveals that the dust attenua- 
tion (as traced by Lib/ Luv) in these objects remains mod- 
erate to these redshifts (Afuv < 3 mags), with a slight 
decrease in the mean FUV dust attenuation of ~ 0.5 mag 
in the redshift range < z < 0.7, plausibly driven by lower 
metallicities and an increase in the proportion of spirals that 
are LIRGs (under the assumption that merging systems are 
more affected by dust). 

In this paper, we perform a quantitative study of the 
SFHs of a large sample of LIRGs in the nearby Universe 
(z < 0.2), by combining their UV (GALEX) and optical 
(SDSS; Adelman-McCarthy et al. 2004) photometry. This 
work utilises many of the theoretical tools that have been 
developed and successfully applied to GALEX-SDSS data 
from various galaxy populations, in particular early-types 
and E+A systems. The novelty of this study is (a) its quan- 
titative nature - we quantify the SFHs of an unprecedentedly 
large sample of nearby LIRGs (b) the incorporation of the 
UV into the parameter estimation, which provides robust 
constraints on the recent SFH and (c) that we explore the 
role of AGN in these types of objects and search for signa- 
tures of feedback from the AGN on the SFH and gas content 
of their host galaxies. 

In Section 2, we present the sample of galaxies used 
in this study and describe the process of visual inspec- 
tion used to classify galaxies according to their morphol- 
ogy and interaction status. Section 3 describes the theo- 
retical machinery used to quantify the SFH of each LIRG 
object in our sample. In Section 4 we explore the SFHs 
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Figure 1. Basic properties of the LIRG sample studied in this paper. TOP LEFT: Redshift distribution from the SDSS. TOP 
RIGHT: Absolute z-band magnitudes. The value of M(z)* for early-type galaxies (Bernardi et al. 2003) is indicated by the dotted 
red line. Note that the 2-band magnitudes arc not K-corrected. BOTTOM LEFT: Far-infrared luminosities from Cao et al. (2006) 
in solar units. BOTTOM RIGHT: Stellar masses from Kauffmann et al. (2003b) in solar units. 



of the LIRG population as a function of both their mor- 
phologies (early /late/mergers) and their interaction sta- 
tus (isolated/interacting/post-mergers), while in Section 5 
we study the onset of AGN in these systems and explore 
whether there is plausible evidence for AGN feedback in 
these galaxies. Finally, in Section 6 we use the derived SFH 
parameters of spheroidal objects identified in this sample to 
explore the characteristics of major mergers in the nearby 
Universe. 



2 THE SAMPLE 

2.1 Photometric data and basic properties 

Our study is based on a catalog of LIRGs, d rawn from 
the S PSS Data Release 2 (DR2), compiled by ICao et ail 
20061 ) by cross-correla ting the IRAS Faint Source Cata- 



log (|Moshir et al.lll992T l with the SDSS DR2. This catalog 
has been cross-matched with publicly available UV pho- 
tometry from the third data release of the GALEX mis- 
sion in its Medium Imaging Survey (MIS) mode (exposure 
time ~ Iks). We restrict ourselves to objects below a red- 



shift of 0.2, since outside this range the GALEX filters do 
not trace the rest-frame UV. GALEX provides two UV fil- 
ters: the far-ultraviolet (FUV), centred at ~ 1530 A and the 
near-ultraviolet (NUV), centred at ~ 2310A. This cross- 
matching produces 561 LIRGs with at least an MIS detec- 
tion in the NUV filter, of which 413 have detections in both 
the FUV and the NUV . Note that we have removed Type 
I AGN from the sample because they could potentially con- 
taminate the UV spectrum and skew our parameter estima- 
tion. 

The final sample studied in this paper corresponds to 
the following limits: 0.02 < z < 0.2, m r < Vim, 16.23 < 
rriNuv < 22.87, 15.86 < uifuv < 23.2. The spectroscopic 
confidence (z con f) is required to be better than 0.7 for each 
object. The redshift and magnitude limits of this study are 
similar to those of Wyder et al. (2007), who have performed 
a comprehensive analysis of the UV-optical colours of galax- 
ies that have been detected in both the SDSS and GALEX 
surveys. Note however that, unlike this study, Wyder et al. 
(2007) also imposed a bright r-band cut of 14.5 mags, be- 
cause the incompleteness of the SDSS spectroscopic coverage 
increases beyond this limit due to incomplete deblending of 
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Figure 2. Comparison of the (u — r) (top) and (NUV — r) (bot- 
tom) colours of the LIRG population (solid lines) to the general 
galaxy population drawn from the SDSS (dotted lines). In both 
plots the separation between the blue and red peaks is indicated 
using a vertical dotted line. The comparisons are restricted to 
a volume limited sample (z < 0.1, r < 17.77). Note that while 
the relative proportions of galaxies in the red and blue peaks 
change depending on the magnitude cut employed, the colour at 
which the population divides remains stable (see e.g. Figure 2 in 
Strateva et al. 2001). For the (u — r) comparison, we show his- 
tograms for both the LIRG population that has been detected by 
GALEX (solid line) and the full LIRG sample drawn from the 
SDSS (dashed line). 



extended objects (see e.g. IStrauss et al.l [20021 ). We choose 
not to impose this cut here as only 1.3% of the sample stud- 
ied in this paper has r < 14.5 and visual inspection of each 
object confirms that there are no anomalies in the SDSS 
pipeline processing. 

In Figure Q] we present some basic properties of the 
LIRG sample used in this study - the redshift distribution, 
absolute z-band magnitudes, FIR luminosities and stellar 
masses. In Figure[2]we compare the (u — r) and (NUV — r) 
colours of the LIRG population (solid and dashed lines) to 
the general galaxy population drawn from the SDSS (dot- 
ted lines). Note that we show (u — r) histograms for both 
the LIRG population that has been detected by GALEX 
(solid line) and the full LIRG sample drawn from the SDSS 
(dashed line). In both plots the separation between the blue 
and red peaks in the general galaxy population is indicated 
using a vertical dotted line. The comparisons are restricted 
to a volume limited sample in the SDSS at z = 0.1. While 
the relative proportions of general galaxies in the red and 



blue peaks may change depending on the magnitude cut em- 
ployed, the colour at which the population divides remains 
stable (see e.g. Figure 2 in Strateva et al. 2001). 

We find that, in the (u — r) colour, the LIRG popula- 
tion peaks around the colour bimodality point (u — r ~ 2.2) 
with a large fraction of the LIRGs falling in the blue cloud. 
In this optical colour the LIRG population seems to largely 
occupy intermediate colours between the blue cloud and red 
sequence. The situation in the (NUV — r) colour is some- 
what different. The LIRGs peak in the UV blue cloud, with 
a minor tail into the red sequence. The plots shown here are 
a useful benchmark for similar comparisons at high redshift. 
Both dust obscuration and the strength of star formation 
activity is likely to evolve with increasing look-back time 
and similar plots from high-redshift surveys are keenly an- 
ticipated. 

Finally, we note some points regarding the SDSS and 
GALEX data that underpin this study. A potential con- 
cern for objects, typically for galaxies at low redshift, is 
pipeline 'shredding' of extended objects into smaller sub- 
components. In the very local Universe (redshifts lower than 
z=0.01), especially in large galaxies that have extremely ir- 
regular light distributions, shredding is a potential concern, 
particularly for GALEX detections in the shallowest All-sky 
Imaging Survey (AIS) mode (exposure time ~100s) because 
the data is more noisy (Wyder et al. 2007, Ted Wyder, Mark 
Seibert priv comm.). For galaxies detected in the GALEX 
MIS mode, such as those used in this study, shredding is not 
an issue in our target redshift range (0.02 < z < 0.2). To en- 
sure the quality of the GALEX data and the cross-matching 
to SDSS, a random 30% of the GALEX images were visu- 
ally inspected to verify that (a) there was no evidence for 
shredding and (b) that cross-matching to the correspond- 
ing SDSS objects was robust. In addition, as a final check 
against deblending issues, we have checked that there is no 
systematic evolution in the average value or scatter of the 
(NUV — r) colours of the LIRGs population, which would 
be expected if there was systematically higher shredding at 
lower redshifts. 

Note that since each galaxy in this study is assigned a 
morphology and interaction status through visual inspection 
of its SDSS image (see next section), we can robustly verify 
a lack of shredding in the entire SDSS dataset used here. 
Finally, a minor fraction of GALEX objects (~ 20%, see 
e.g. Seibert et al. 2005) have multiple SDSS matches, due to 
detections in more than one GALEX field. For such objects, 
we select the GALEX detection with the highest exposure 
time for the subsequent analysis. 

2.2 Visual inspection 

A basic aim of this work is to correlate the SFHs of the LIRG 
population with their morphologies and 'interaction status'. 
We divide galaxies into three morphologies: 'early-types' 
(spheroidal or near-spheroidal objects that are likely to be 
the progenitors of elliptical galaxies) , 'late-types' and 'merg- 
ers' (where two separate objects are involved and are already 
partially fused). The interaction status assigned to each ob- 
ject also falls into one of three categories: 'isolated', 'inter- 
acting/merging' or 'post- merger'. Systems that are morpho- 
logically identified as 'mergers' are automatically labelled as 
being 'interacting/merging'. 
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Figure 3. 'Early-type' galaxies identified in the LIRG population through visual inspection of the subsamplc of LIRGs that satisfy 
r < 16.8 and z < 0.1 (see Section 2.2 for the definition of early-type used in this study). Note that these objects typically show 
near-spheroidal morphology in their cores but exhibit morphological disturbances consistent with recent merging (108, 155, 355, 496, 
537, 1190 and 1210). Object 496 is plausibly an 'NGC 5128 in the making'. Galaxy 60 appears to be in the final stages of accreting 
a small companion. While this object could be an inclined disk rather than a spheroid, it is most likely to be an SO system with a 
dust feature in the northern part of the galaxy. The dust features appears to be spatially coincident with the accreted companion. 
Only three objects in this subset (12, 15 and 921) appear relaxed. 
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Table 1. The LIRG sample split by morphology and interaction status (see Section 2 for descriptions of the 
categories). The totals for each category are shown in blue on the right and bottom ends of the table. Note that 
ongoing mergers are automatically labelled as interacting/merging. The sample is restricted to r < 16.8 and z < 0.1 
since eyeball inspection from SDSS images is reliable within these magnitude and redshift ranges (see Section 2 in 
Kaviraj et al. 2007b). 
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Figure 4. Examples of 'late-type' galaxies in the LIRG sample. The top row shows late-types classified as 'isolated'. The middle row 
shows late-types identified as 'interacting/merging', while the bottom row indicates late-types that are classified as 'post-mergers'. 



While it becomes more difficult to decipher spiral fea- 
tures in higher redshift images, prior experience with early- 
type galaxies suggests that galaxy morphologies can be de- 
termined from SDSS images with good precision out to 
z ~ 0.1 if the objects have r < 16.8 (see Section 2 in Kaviraj 
et al. 2007b). In particular, if morphological classifications 
are kept fairly coarse (e.g. early/late), as is the case in this 
study, then tell-tale signs of disks can be successfully identi- 
fied in the composite images, since disk-like features readily 
appear in the bluer optical filters (e.g. g-band). 

We therefore begin by visually classifying all the objects 
in this sample that satisfy the fiducial criteria of z < 0.1 and 
r < 16.8. We present the results of this visual inspection in 
Table [1] We note first that, in agreement with previous stud- 
ies of the LIRG population, the fraction of early-types is al- 
most negligible. In Figure [3] we present all galaxies labelled 
as early-type in this visual inspection. Recall, however, that 
our definition of 'early-type' includes near-spheroidal ob- 
jects which are likely to be progenitors of elliptical galaxies. 
It is apparent that many of galaxies in Figure[3] while having 
spheroidal cores, are not completely relaxed. Tidal features 
and evidence of accretion are widespread in the galaxy im- 
ages indicating that they are merger remnants, although a 
few systems do exist that have relaxed morp hologies, similar 
to the star-forming ellipticals discovered by iFukugita et all 
\2004 ). Relaxed early- types with high LIRG-like SFRs are 



likely to be very rare in the general galaxy population and 
their detection clearly depends on having a large sample of 
objects, as is the case in this study. 

Since the early-type fraction is small, we are effec- 
tively left with two morphologies: mergers and late-types. In 
essence, this reduces to simply identifying the mergers, since 
the absence of early-types implies that all 'non-mergers' 
are late-types. Fortunately, given their distinct morpholo- 
gies (typically double cores with asymmetric tidal distor- 
tions) , mergers can readily be identified even when they are 
fainter than r ~ 16.8 or further away than z ~ 0.1. Since 
it is reasonable to assume that the fraction of early-types 
remains small across the entire redshift range of this study 
(z < 0.2), this also implies that we can extract a reasonably 
robust morphological classification, even in the subsample 
of galaxies that is fainter than r ~ 16.8 and further away 
than z ~ 0.1. We stress, however, that this only works for 
this particular sample because (a) our classification crite- 
ria are sufficiently coarse (early/late/mergers) (b) the early- 
type fraction is very small and (c) mergers can be readily 
identified even if the systems are relatively faint or distant. 
We also note that the interaction status of a galaxy can be 
determined accurately, even if the morphology of the object 
is uncertain. Identification of interacting/merging galaxies is 
straightforward, given the presence of an interacting neigh- 
bour and tidal bridges (which are readily visible in SDSS 
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Figure 5. Examples of systems labelled as 'mergers' in the LIRG sample. 

images of the nearby Universe). Post-mergers, i.e. systems 
where a single dominant central object shows asymmetric 
tidal features, are also readily identified. 

Based on these arguments we visually classify all galax- 
ies in terms their morphologies (early/late/mergers) and in- 
teraction status (isolated/interacting/post-mergers) in the 
redshift range z < 0.15. The redshift limit is chosen because 
(a) it encloses most of the galaxies in the sample (see Figure 
[TJ and (b) because tidal distortions in post-mergers at the 
limit of this redshift range already appear quite faint and 
it might be difficult to detect such post-merger signatures 
in galaxies much further away. Note that we only attempt 
to identify early-types in the subsample of galaxies where 
r < 16.8 and z < 0.1. Therefore, the morphological classifi- 
cation for the complete sample of galaxies, where z < 0.15, 
is likely to be incorrect by ~ 4% (the early-type fraction 
found for r < 16.8 and z < 0.1). However, given that this is 
very small, it does not affect our subsequent analysis very 
significantly. Figure [4] shows examples of objects labelled 
as late-type. The top row indicates late-types classified as 
'isolated'. The middle row shows late-types identified as 'in- 
teracting/merging', while the bottom row shows late- types 
that are 'post-mergers'. Finally, in Figure [5] we present ex- 
amples of objects labelled as mergers. 

We note that the visual classifications performed in 
this study are clearly limited by the depth of the SDSS 
images, which involve 50s exposures on a 2.5m telescope. 



However, the detection of faint or red features may require 
deeper imaging. Th is is demonstrated by the recent work of 
van DokkumI (|2005h who found widespread (and perhaps un- 
expected) post-merger signatures in a large fraction (> 70%) 
of red early-type galaxies using ~27,000 second exposures 
on 4m class telescopes. These tidal features extend to spa- 
tial scales > 50 kpc and are, almost without exception, un- 
detectable in their shallower SDSS images. It is possible, 
therefore, that an unknown fraction of the LIRGs labelled 
as 'isolated' in this study may actually be post-mergers with 
very faint tidal features. While the tidal features in LIRGs 
are likely not to be red, indicating that this problem may 
not be as acute as for the red early- types in the Ivan DokkumI 
l|2005h study, it is likely that the fraction of LIRGs classi- 
fied as isolated has been overestimated coupled with a cor- 
responding underestimate of the LIRG population that are 
classified as post-mergers. 

2.3 Stellar masses and AGN diagnostics 

In addition to the photometric and visual inspection data, 
we use the publicly available Garching SDSS catalog] to add 
stellar masses and AGN diagnostics for each galaxy in our 
catalog. Type 2 AGN can be identified using combinations 

1 http:/ /www. mpa-garching.mpg.de/SDSS/DR4/ 
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of optical emission line ratios (see e.g. Baldwin et al. 1981; 
Kauffmann et al. 2003a; Brinchm ann et al. 2004). Here, we 
use AGN classifications derived bv lBrinchmann et al.l (|2004T ) 
from line index measu rements calculated using the code of 
iTremonti et~aH l|2004) . Galaxies fall into one of three cat- 
egories: AGN, composites (which show signatures of both 
AGN and star formation) and normal (where the emission 
lines are dominated by star formation or where the galaxy 
does not have the requisite S/N in the emission lines to per- 
form a classification in the first place). Note that Type 1 
AGN are removed from this analysis since their UV spec- 
tra is likely to be dominated by the active nucleus which, in 
turn, will perturb the parameter estimation used to quantify 
the SFHs. The stellar masses are taken from the catalog of 
Kauffmann et al. (2003b). 



3 PARAMETER ESTIMATION 

We estimate parameters governing the star formation his- 
tory (SFH) of each LIRG in this sample by comparing its 
(FUV, NUV, u, g,r,i, z) photometry to a library of synthetic 
photometry which is constructed using a large collection of 
model SFHs as follows. 

Each model SFH is constructed by modelling the un- 
derlying population of the galaxy by a 'primary burst' (PB) 
which is assumed to be instantaneous, and the recent pe- 
riod of star formation (which is what we are primarily inter- 
ested in) using an exponential burst. We refer to this recent 
episode as the 'secondary burst'. In the notation used below, 
we denote the primary burst using the subscript '1' and the 
secondary burst by the index '2'. 

Figure [6] shows a schematic representation of the model 
SFHs. The principal free parameters in this analysis are the 
age of the primary burst (ti), and the age (£2), mass fraction 
(fi) and timescale (ji) of the secondary burst, ti is allowed 
to vary from 1 Gyrs to 12 Gyrs, while ti is allowed to vary 
from 0.05 Gyrs to 12 Gyrs in the rest-frame of the galaxy, fi 
varies between and 1 and T2 is allowed to vary from 0.01 
Gyrs to 9 Gyrs. Since there are only two bursts, fi = 1 — fi- 

Since it is modelled as being instantaneous, the PB age 
(t\) reflects the (SSP-weighted) average age of the under- 
lying stellar population in the galaxy. As our subsequent 
analysis indicates, the values of ti are typically higher than 
5 Gyrs, so that the primary burst does not affect the UV 
colours of the galaxy (which are dominated by stars less than 
2 Gyrs old - see Figure 7 of Kaviraj et al. 2007b). 

To build the library of synthetic photometry, each 
model SFH is combined with a single metallicity in the range 
O.IZq to 2.5Zq and a value of dust extinction parametrised 
by Eb-v in the range to 1. Photometric predictions for 
each model SFH are generated by combining it with the 
chosen metallicity and Eb-v values and convolving with 
the stellar models of EJ (|2003l ) through the GALEX FUV, 
NUV and SDSS u, g, r, i, z filters. Note that we use the em- 
pirical dust prescriptions of lCalzetti etafl (|2000h to compute 
the dust-extincted SEDs. This procedure yields a synthetic 
library of ~ 1.8 million models. 

Since our sample is comprised of objects across a range 
in redshift, equivalent libraries are constructed at redshift 
intervals of Sz — 0.01. A fine redshift grid is essential in 
such a low redshift study because a small change in redshift 
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Figure 6. Schematic representation of model star formation his- 
tories (see Section 3 for details), ti is the primary burst (PB) age. 
ti is the secondary burst (SB) age. /2 is the SB mass fraction and 
T2 is the SB timescale. 



produces a relatively large change in look-back time over 
which the UV flux can change substantially, inducing 'K- 
correction-like' errors into the analysis. 

Since the model library includes a large range of dust 
values and the UV colours are sensitive to dust, we wish to 
avoid including models in our parameter space where a spu- 
riously large RSF fraction (i.e. fi) may fit the UV colours of 
a galaxy due to an unreasonably high dust extinction. This 
is not just desirable but also necessary, since the results of 
Burgarella et al. (2005) imply that the nearby LIRG sample 
satisfies A(FUV) ~ 2.7 (which translates to Eb-v ~ 0.3 us- 
ing a standard Calzetti dust law). Since the available values 
of Eb-v in the model library spans < Eb-v < 1, we ap- 
ply a prior to the Eb-v parameter space to ensure realistic 
values of dust extinction are employed for each LIRG. 

In the local Universe, the obscuration in star- 
forming galaxies corre lates with the FIR luminos- 



ity (e.g. iCalzetti et al.l 19951: IWang 



Heckmanl Il996l : 

Adelbereer fc Steide]||2000l : iHopkins et al.ll200ll ). Following 
Hopkins et alj (|200ll . see their Eqns. 1, 2 and 3) we estimate 



the dust extinction in the nebular emission lines (Eb-v) 
for each galaxy from the FIR luminosity and convert it to 
a value appropriate for the stellar continuu m E%_ v using 
E%_ v = 0.44 x E%_ v (|Calzetti et alj|2000h . The prior on 
the dust is applied, for each galaxy, by restricting the model 
library to Eb-v ± 0.1. It is worth noting that the applied 
prior is not particularly strong. A large range of realistic 
dust values is permitted for each galaxy but the E(B-V) pa- 
rameter space typically greater Eb-v ~ 0.5 is discarded. 

Converting the values of Eb-v derived using the pro- 
cedure described above to Afuv using a Calzetti law yields 
1.8 < Afuv < 3.3 for our sample of LIRGs. This compares 
very well with the recent LIRG study of Burgarella et al. 
(2005a) who find a median obscuration of Afuv = 2.7±0.8, 
using theoretical calibrations derived from GALEX and 
IRAS data by Buat et al. (2005). Note that Buat et al.'s 
calculations are resistant to the choice of the exact extinc- 
tion curve (see their Section 3.1). 

The principal free parameters (ti, ti, fi and ti) are es- 
timated by comparing each observed galaxy to every model 
in the synthetic library, with the likelihood of each model 
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Figure 7. TOP: The (NUV — r) colour-magnitude relation 
(CMR). The NUV filter is centred at 2300A. BOTTOM: The 
optical (u — r) CMR. Morphologies are shown colour-coded and 
symbol types correlate with the interaction status of the object 
(see Section 2.2 for details). The dotted line in the top panel in- 
dicates the position of the UV 'red sequence', taken from a study 
of the nearby early- type population (Kaviraj et al. 2007b). The 
morphological classifications were performed only for objects with 
z < 0.15 (see Section 2.2 for details). Galaxies outside this red- 
shift range are shown in grey. 



(exp — x 2 /2) calculated using the value of \ 2 computed 
in the standard way. From the joint probability distribu- 
tion, each parameter is marginalised to extract its one- 
dimensional probability density function (PDF). We take 
the median of this PDF as the best estimate of the param- 
eter in question and the 16 and 84 percentile values as the 
uncertainties on this estimate. 

For galaxies which do not have FUV detections, the 
parameter estimation is performed using only the NUV , 
u,g,r,i and z-band filters. We do not use the FUV de- 
tection limit as an upper limit to the FUV flux, primarily 
because the uncertainties on the estimated parameter ef- 
fectively become unbounded. Previous work on early-type 
galaxies and E+A systems indicates that addition of the 
FUV filter does not affect the median values but does re- 
duce the size of the uncertainties. The cosmological param- 



eters used in this study assume a ACDM model: h = 0.7, 
fim = 0.3 and £2a = 0.7. 



4 STAR FORMATION HISTORIES 

It is instructive to look first at the UV and optical colour- 
magnitude relations of the LIRG population, since the de- 
rived SFHs are effectively driven by the observed colours 
(Figure [7J. Morphologies are shown colour-coded and sym- 
bol types correlate with the interaction status of the object. 
The dotted line in the top panel indicates the position of 
the UV 'red sequence', taken from a study of the nearby 
early-type population (Kaviraj et al. 2007b). Not unexpect- 
edly, virtually all LIRGs lie away from the red sequence, 
notwithstanding their relatively high dust content. The bulk 
of the sample occupies the 'blue cloud' (NUV — r < 3.5). 
We note that the distributions in both the UV and opti- 
cal colours are very broad and that smaller galaxies are not 
preferentially bluer as typically indicate d by the downsizing 
phenomenon (see e.g. ICowie et al.lll996l ). However, the star 
formation regimes in these objects are significantly more se- 
vere than in the normal galaxy population and the observed 
colours are dominated by the vigorous RSF being experi- 
enced by these systems. Since the downsizing phenomenon 
reflects the make-up of the underlying stellar population of 
galaxies that forms over the lifetime of the Universe, it is 
reasonable to expect these trends to be temporarily washed 
out by the strong RSF in the LIRG sample. 

We now present the derived SFHs for galaxies in the 
LIRG sample. We explore these SFHs, both as a function 
of the morphology of the galaxies, as well as their interac- 
tion status. In Figure |8] we begin by presenting the derived 
SFH parameters, split by the morphology of the galaxies. 
The top-left, top-right, bottom-left and bottom-right pan- 
els show the distributions of PB ages (ti), SB ages ({2), SB 
mass fractions (/a) and SB timescales (T2) respectively. 

The distribution of PB ages (ti) peaks around ~ 7 Gyrs, 
with the bulk of the sample satisfying 5 < t\ < 9 Gyrs (the 
average value is ~ 6.8 Gyrs). Recall that the values of ti 
reflect the (SSP-weighted) average ages of the underlying 
stellar populations. Note that, since the UV is sensitive only 
to populations with ages < 2 Gyrs, the estimates of ti are 
driven primarily by the optical filters. Given their lower sen- 
sitivity to young stellar populations, the uncertainties in the 
values of t\ are high (~ 1.2 Gyrs). Nevertheless, it is worth 
noting that very few of the galaxies have underlying pop- 
ulations that are well-fit by purely old (> 10 Gyrs) stellar 
populations. This result is not unexpected, since the LIRG 
sample is dominated by late-type galaxies, which have typ- 
ically formed stars over the lifetime of the Universe. 

The top-right panel of Figure [8] indicates that roughly 
60% of the LIRGs in this study began their RSF episode 
within the last Gyr (i.e. SB age or t-2 < 1 Gyr), while for 
the remaining galaxies 1 < ti < 3 Gyrs. Virtually none 
of the objects exhibit ti > 3. The mergers (green) have a 
distribution in ti that is sharply peaked below ti < 0.5 Gyrs, 
consistent with the fact that their RSF episodes have begun 
recently or, at least, are still in progress. The bottom-left 
panel of Figure [8] indicates that nearby LIRGs have formed 
up to 35% of their stellar mass in the recent star formation 
episode. The mean value is ~ 15%. Not unexpectedly, the 
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Figure 8. The derived SFHs of the LIRG sample as a function of the morphology of the galaxies. TOP-LEFT: The primary burst 
ages (ti). TOP-RIGHT: The secondary burst ages (i 2 ). BOTTOM-LEFT: The secondary burst mass fractions (/ 2 ). BOTTOM- 
RIGHT: The secondary burst timescales (r 2 ). The mean value of each parameter for the population as whole is indicated by the 
vertical dashed lines. The morphological classifications were performed only for objects with z < 0.15 (see Section 2.2 for details). 
The 'unclassified' category contains all objects outside this redshift range. 



mergers (green) peak towards lower mass fractions, since the 
SF episode is less advanced than in the other morphological 
types. The bottom-right panel of Figure [5] indicates that 
the SB timescales (t 2 ) involved in these events are typically 
large, of the order of a few Gyrs, indicating that the SFR 
does not decline significantly during the course of the RSF 
episode. 

In Figure [5] we briefly present the SB ages of the LIRG 
sample as a function of their interaction status. The PB ages 
(ti), SB mass fractions (/ 2 ) and SB timescales (r 2 ) are omit- 
ted for clarity, as all categories (isolated/interacting/post- 
mergers) have similar distributions in these variables, akin 
to the ones presented in Figure [8] We find that around 74% 
of the galaxies that are currently interacting systems began 
their RSF episodes within the last 0.5 Gyrs. Recall that the 
'interacting/merging' category includes all systems that are 
currently interacting, not just mergers which are a special 
case where two systems are partially fused. 

Finally, in Figure 1101 we summarise the SB ages and 
SB mass fractions of individual galaxies in our sample. Mor- 
phologies are shown colour-coded and symbol types indi- 



cate the interaction status of each galaxy. Since the morpho- 
logical classifications were performed only for objects with 
z < 0.15 (see Section 2.2), objects outside this redshift range 
are shown in grey. 



5 THE ROLE OF AGN 

Several lines of theoretical and observational evidence in- 
dicates that AGN, driven by supermassive black holes that 
inhabit galactic centres, are likely to play a significant role in 
the formation and evolution of their host galaxies. The prin- 
cipal impact of AGN is energetic feedback on the inter-stellar 
medium (ISM) which acts to remove (cold) gas from the po- 
tential well halting star formation in massive g alaxies (e.g. 
ISilk fc Reesll 19981 : iBenson et al.ll2003l ; ISilkll2005h . Such nega- 
tive feedback from AGN is commonly invoked in galaxy for- 
mation models to reproduce the cu t-off in the galaxy l umi- 
nosity function at high luminosities (jBenson et al.|[2003l ') and 
to fit the observed co l ours of massive galaxi es at present-day 
(|Kavirai et all 120051 : |Pe Lucia et ail 120061 ). Without such 
feedback, the potentially plentiful supply of cold gas in mas- 
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Figure 9. The secondary burst ages (t2) as a function of the 
interaction status of the LIRGs in our sample. 
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Figure 10. The secondary burst ages (ti) and mass fractions (f2) 
of our LIRG sample. The morphology of the galaxies is shown 
colour-coded and their interaction status is shown using different 
symbol types. Note that the morphological classifications were 
performed only for objects with z < 0.15 (see Section 2.2 for 
details). Objects outside this redshift range, which were not part 
of the morphological classification, are shown in grey. 



sive galaxies results in objects that are predicted to be too 
massive and too blue to fit the observations in the nearby 
Universe. Since low-redshift LIRGs represent some of the 
most vigorously star forming galaxies in the nearby Uni- 
verse, it is instructive to explore the potential role of AGN 
in these systems and search for tell-tale signs of feedback in 
their SFHs. 



5.1 Number fractions and morphologies of AGN 
hosts 

We begin by exploring the proportion of AGN in the LIRG 
sample studied in this paper. The overall fraction of AGN 
is ~ 14%. We find that the AGN fraction shows a depen- 
dence on the interaction status of the galaxies - it rises from 



Figure 11. Comparison of the bulge/disk morphologies of LIRGs 
that host AGN (red), to those that show composite spectra 
(green) and those that do not show any indication of an AGN 
(black). Note that we restrict the sample to nearby (0.06 < z < 
0.09) objects for this comparison, to ensure the accuracy of the 
light profiles and explore the f racdev parameter in the z-band 
filter which is least affected by the RSF and therefore traces the 
bulk stellar population of the galaxy most faithfully. 



13.1% in non-interacting objects to 17.6% in the interacting 
population and back down to 13.4% in the post-mergers, 
strongly consistent with the idea that interactions trigger 
the onset of AGN. A si milar result has been found recently 
by lAlonso et al.l l)2007l ) in nearby close pairs drawn from 
the SDSS. Their results indicate that the AGN fraction in 
close pairs that exhibit definite signs of interactions is ~ 4% 
higher than in pairs that are not interacting. This value is 
strikingly similar to the corresponding statistics found in our 
LIRG sample. We should note, however, that the number of 
galaxies in the non-interacting and post-merger categories 
is fairly small (of the order of a 100 objects each). Thus, 
while the trend in the AGN fraction is qualitatively similar 
to previous works, the low number statistics make it difficult 
to ascertain how significant the change in the AGN fraction 
really is. 

Previous studies of the AGN population have indicated 
that they typically reside in massive bulge-dominated sys- 
tems (Kauffmann et al. 2003a). While our sample of LIRGs 
is a subset of the galaxy populations studied before, it is 
instructive to look at the distribution of bulge/disk mor- 
phologies of AGN in these galaxies, since they are far more 
extreme in terms of their star formation properties than 
the normal galaxy population. We compare the bulge/disk 
morphologies of the AGN hosts in this sample to galax- 
ies without AGN using the SDSS fracdev parameter. The 
SDSS pipeline fits both a deVaucouleur's and an exponen- 
tial model to the light profile of each galaxy in the u, g, r, i, z 
filters. A composite best-fit is then generated using a linear 
combination of the two fits, fracdev is the weight of the 
deVaucouleur's model in this composite fit and provides a 
quantitative measure of the bulge component of the galaxy. 
Early-type galaxies in the nearby Universe typically have 
fracdev> 0.85. 

In Figure [11] we compare the fracdev distribution of 
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the AGN hosts to that in the normal galaxies. Note that we 
restrict the sample to nearby (0.06 < z < 0.09) objects to 
ensure the accuracy of the fitted light profiles and explore 
the fracdev parameter in the z-band filter which is least 
affected by the RSF and therefore traces the bulk stellar 
population of the galaxy most faithfully. We find that, con- 
sistent with previous results, the distribution of the AGN 
hosts is strongly skewed towards higher values of fracdev, 
while the normal galaxy population shows a flat distribu- 
tion in this parameter. We conclude that AGN, even in the 
most strongly star- forming systems in the nearby Universe, 
occupy galaxies which have a dominant bulge component. 



5.2 Colours and star formation histories of the 
AGN hosts 

Given their significance in galaxy formation models, it is 
useful to constrain the role of AGN in the LIRG population 
studied here. We wish to explore (a) the time after the on- 
set of star formation when the AGN typically appears and 
(b) whether there is any evidence of negative feedback from 
AGN in their host galaxies. Both these aims can be achieved 
by comparing the derived SFHs of the AGN hosts to that of 
the normal galaxies. 

In Figure [12] we compare the colours of the AGN hosts 
(red), to those that show composite spectra (green) and 
galaxies that do not show any indication of an AGN (black). 
We find that, irrespective of the colour, the AGN hosts are 
consistently redder than the normal galaxies. The mean val- 
ues (indicated using dotted lines) show that AGN are redder 
in (NUV -r),(u-r) and (g - r) by ~ f .2, ~ 0.6 and ~ 0.4 
mags respectively. The systematic reddening persists if we 
split the sample into luminosity bins and/or explore different 
redshift ranges. The reddening in colour could be produced 
either by an enhanced dust content in AGN or by a sys- 
tematic difference in their SFHs. Clearly both explanations 
have to be explored before the colour discrepancy can be 
explained. 

We find that the distributions of Eb~v do not indicate 
a systematic dust enhancement in the AGN hosts Q leading 
us to consider the alternative explanation for the reddening 
in the AGN colours - that they are driven by a systematic 
difference in their SFHs. In Figure [13] we compare the de- 
rived SFH parameters of the AGN, composites and normal 
galaxies. We find that the distributions of PB ages (top-left 
panel) are virtually identical for all categories, implying that 
the underlying populations of the galaxies are very similar. 
The SB timescales are also consistent between the three cat- 
egories (bottom-right panel) . The principal difference in the 
SFHs is that the SB ages of the AGN hosts show an offset of 
~ 0.6 Gyrs compared to the normal galaxies. In particular, 



2 In fact, the discrepancies in the colours themselves do not 
favour a differential dust content as an explanation for the redder 
colours in the AGN hosts. While a small differential dust extinc- 
tion can, in principle, produce a large offset in the UV colour 
(because e.g. A^ NUV _ r i ~ 6 X Eg_y), the extinction in the 
(g — r) colour is Ar g _ T \ ~ 1.09 X Eb-v using the Calzetti dust 
law. If the SFHs of the AGN hosts and the normal galaxies were 
identical, it is difficult to explain the observed average discrep- 
ancy in (g — r) (~ 0.4 mags), by simply invoking a systematic 
Eg_v offset of ~ 0.4 mags. 
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Figure 12. Comparison of the colours of LIRGs that host AGN 
(red), to those that show composite spectra (green) and those 
that do not show any indication of an AGN (black). 



the distribution of SB ages in the AGN declines dramatically 
at values less than ~ 0.5 — 0.7 Gyrs. 

These results indicate that the SFHs in AGN do not 
differ significantly from those in the normal galaxies but that 
we are simply observing the AGN hosts a longer time after 
the onset of star formation (since the SB ages are larger). 
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host galaxies then we would expect to see - at a given value 
of SB age - a systematically lower cold gas content in the 
AGN hosts than in the normal galaxies. Figure ITU indicates 
that, as should be expected, the cold gas fractions show a 
steady decline with SB age, regardless of the luminosity bin 
being considered. However, it is also apparent that the AGN 
do not show a preferentially lower cold gas content and that 
the trends in the AGN are indistinguishable from those in 
the normal galaxies. The lack of discrepancy in the cold 
gas content independently supports the observed similarity 
in the SFHs of the AGN and their normal counterparts. We 
conclude, therefore, that there is no measurable evidence for 
feedback in LIRGs that host Type 2 AGN, either in terms 
of cold gas removal or the impact on the SFH that would 
result from such gas depletion. 



SB timescale (Gyrs) 



Figure 13. Comparison of the SFHs of AGN, composites and 
normal galaxies in the LIRG sample. Note that the histograms 
for all populations have been normalised to 1. The fraction of 
AGN in the LIRG sample studied here is ~ 14%. 



The rapid decline in the number of AGN at SB ages less 
than ~ 0.5 — 0.7 Gyrs suggests that AGN typically appear 
~ 0.5 — 0.7 Gyrs after the onset of star formation. It is 
worth noting that a similar time delay (a few hundred Myrs) 
between the peak of the star formation and the rise of the 
AGN has been report ed in a recent study of AGN activity 
in early- type galaxies (jSchawinski et al1l2007h . 

The similarity between the properties of the star for- 
mation in the AGN hosts and the normal galaxies indicates 
that the AGN itself does not have a measurable impact on 
the SFHs of their host galaxies. Negative feedback can be 
expected to remove or heat cold gas from the potential well, 
leading to a reduction in the star formation activity. If star 
formation is strongly quenched, we would expect the decay 
timescale of the star formation activity to decrease, as the 
SFR is strongly reduced by removal of cold gas from the 
system. This, in turn, will be reflected in a reduction of the 
SB timescales. Such an effect on the SB timescales is clearly 
seen in post-starburst (E+A) galaxies, where the lack of Ha 
in emission, coupled with deep Balmer lines, indicates that a 
vigorous period of star formation has been rapidly quenched 
(Kaviraj et al. 2007c). However, as Figure [T3l indicates, we 
find no evidence for a similar effect in the LIRG population. 
In fact the average SB timescales (see the vertical dotted 
lines) in the AGN hosts are marginally larger. 

As a further check of this result, we compare the evo- 
lution of the cold gas fractions in the AGN h osts to that 
in the normal galaxies (Figure [T4")) . Following IWang et al.l 
we estimate the cold gas mass using the correla- 
tion between the CO and IR luminosities derived by Gao 
& Solomon (2004a, by combining their Eqns 1 and 2), and 
apply the 'standard' CO-to-H2 ratio estimated from giant 
molecular clouds in the disk of the Milky Way (see Eqn. 5 
in Gao & Solomon 2004b). Note that, since there is an evo- 
lution in the gas fraction as a function of mass/luminosit y 
in the LIRG population (see Figure 5 in IWang et alj|2006j ). 
we split Figure Q3] into three luminosity bins in M(z) with 
roughly equal numbers of objects. 

If the AGN are depleting the cold gas reservoirs in their 



6 LIRGS WITH SPHEROIDAL 

MORPHOLOGIES - MIXED MAJOR 
MERGERS? 

The sample of spheroidal objects identified in this study 
(Figure [3| allows us to explore the star formation that is 
plausibly induced by (gas-rich) major mergers in the nearby 
Universe. In this section we summarise the characteristics of 
such major merger driven star formation and speculate on 
the properties of the progenitors involved, using the derived 
SFH parameters of these spheroidal galaxies. 

We note first that the early-type galaxies identified in 
the visual inspection (shown in red in Figure [8} have PB 
ages (ti) of ~ 6.9 Gyrs. Based on the fact that (a) these 
objects have spheroidal morphology (b) exhibit LIRG-like 
SFRs and (c) contain underlying populations with relatively 
young average ages, we speculate that they are the products 
of 'mixed' major mergers where at least one of the progeni- 
tors has late-type morphology. This is because mergers be- 
tween two ellipticals should result in higher values of t\ , since 
the red optical colours of the elliptical population would 
require both galaxies to have stellar populations that are 
overwhelmingly old (> 10 Gyrs old). Furthermore, since el- 
lipticals are typically gas-poor systems, a dry major merger 
(or equally a minor merger, see e.g. Figure 1 in Kaviraj et 
al. 2007d) would not supply enough gas to create the high 
LIRG-like SFRs in these systems. 

In Figure [15] we summarise the SFHs of the early-type 
objects in this sample. The points are colour-coded using 
the (NUV — r) colour, symbol sizes correlate with the SB 
timescales and galaxy images are placed next to the data 
points to demonstrate their morphologies. We find that such 
'mixed' major mergers, that produce LIRG-like objects in 
the local Universe, typically form between 5 and 30% of the 
stellar mass in their remnants. The duration of these events 
is between 0.3 and 4 Gyrs, although, since most of the ob- 
jects are unrelaxed, these values are typically lower limits. 
The star formation timescales range between 0.7 and 4.2 
Gyrs and comparison of the SB ages and SB timescales in 
Figure [15] indicates that the SFR does not decline signifi- 
cantly through the event. 
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Figure 14. The evolution of the cold gas fraction as a function of the age of the secondary burst (i.e. the SB age parameter) in the 
AG N hosts (red) and normal galaxies. Note that, since the cold gas fraction decreases with the luminosity of the galaxy (see Figure 
5 in lWang et al,|[2006l ), we bin the sample into three luminosity bins in M(z) with roughly equal numbers of objects and consider a 
narrow redshift range (0.06 < z < 0.09). 



7 SUMMARY AND CONCLUSIONS 

We have performed a quantitative study of the SFHs of 561 
LIRGs in the low-redshift (z < 0.2) Universe. The sample 
consists of galaxies in the SDSS DR2 that satisfy the LIRG 
criterion (Lm > 10 -L©) in their IRAS fluxes and are de- 
tected by the GALEX UV space telescope. 

A visual inspection of a subsample of galaxies with 
r < 16.8 and z < 0.1 (for which eyeball classification of 
galaxy morphologies is reliable) indicates that the fraction 
of spheroidal or near-spheroidal objects that could be pro- 
genitors of elliptical galaxies, is small (4%). The remaining 
objects are morphologically late-type or ongoing mergers. 
61% of the population do not show any indication of inter- 
actions at the fiducial depth of the SDSS images, while the 
remaining objects are either in the process of interacting 
(18%) or show post-merger morphologies (19%). 

Notwithstanding their high dust content (< Eb-v >~ 
0.3), the overwhelming majority of low-redshift LIRGs lie in 
the UV blue cloud. We have parametrised the SFH of each 
galaxy in our sample by comparing their GALEX (UV) and 
SDSS (optical) photometry to synthetic photometry from a 
large library of ~ 1.8 million model SFHs. We find that the 
(SSP-weighted) average age of the underlying stellar popu- 
lations in these objects is typically between 5 and 9 Gyrs, 
with a mean value of ~ 6.8 Gyrs. Roughly 60% the LIRG 
population began their recent star formation (RSF) episode 
within the last Gyr, while the remaining objects are consis- 
tent with values between 1 and 3 Gyrs in the past. The age 
of this recent burst does not exceed ~ 3 Gyrs in virtually 
any of the objects in this sample. LIRGs in the low redshift 
Universe have formed up to 35% of their stellar mass in this 
recent episode - the mean value is 15%. The star formation 
timescales are large (~a few Gyrs), indicating that the SFR 
does not decline significantly during the course of the burst. 

14% of the LIRG population host a Type 2 AGN. The 
AGN fraction rises from 13.1% for non-interacting objects 
to 17.6% for the interacting population and back down to 
13.4% for the post-mergers, possibly supporting the hypoth- 
esis that interactions trigger the onset of AGN. However, the 
numbers of objects in each category are small and, while a 
trend does exist, the low number statistics make it difficult 
to establish a robust result. 

In agreement with previous studies, the distribution of 
bulge/disk morphologies (derived from the SDSS fracdev 
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Figure 15. The derived SFH parameters of spheroidal objects in 
the LIRG sample. See Figure [3] for a description of the sample. 



parameter) in the AGN hosts favours systems which have a 
significant bulge component (fracdev> 0.6), in contrast to 
the normal LIRGs which have a flat distribution in fracdev. 

Comparison of the UV and optical colours of the AGN 
hosts to those of the normal galaxies indicates that the AGN 
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are consistently redder than the normal population in both 
the UV and the optical colours. We find that the AGN are 
redder in (NUV —r), (it — r) and (g — r) by ~ 1.2, ~ 0.6 and 
~ 0.4 mags respectively. The systematic colour offsets per- 
sist even if we split the sample into luminosity bins and/or 
explore different redshift ranges. The distributions of Eb-v 
values do not indicate a systematic dust enhancement in the 
AGN hosts. Comparison of the derived SFH parameters in- 
dicates that, while the underlying populations and e-folding 
timescales of the star formation in AGN do not differ from 
those in the normal galaxies, the ages of the RSF episodes 
in the AGN are older (producing the redder colours), indi- 
cating that we are simply observing the AGN hosts a longer 
time after the onset of star formation. The derived SFH pa- 
rameters indicate that the AGN typically appear ~ 0.5 — 0.7 
Gyrs after the onset of star formation in their host galaxies. 

The similarity between the SFH parameters of the AGN 
and the normal galaxies indicates that the AGN do not have 
a measurable impact on the star formation activity in their 
host galaxies. In addition, we do not find evidence for a sys- 
tematic deficit in the cold gas content of the AGN compared 
to their normal counterparts, which would be expected if 
feedback from the AGN was depleting the cold gas reser- 
voir in the host galaxies. We conclude that the AGN, in this 
sample of objects, appear not to be exerting negative feed- 
back on the ISM by removing cold gas and reducing the star 
formation activity. 

While this issue needs to be investigated further, the 
lack of AGN feedback in the LIRG population may have 
some intriguing implications for the role of feedback envis- 
aged in galaxy formation models. For example, if we as- 
sume that low-redshift LIRGs host similar conditions to 
star-forming objects at high redshift, then our results im- 
ply that obscured AGN in such objects may not significantly 
affect the star formation in th eir hosts through e.g . mechani- 
cal 'radio-mode' feedbac k (e.g. Croton et al.ll2006l ). However, 
both obs ervational (e.g. iNesvadba et al.ll2006l )~and theoret- 
ical (e.g. ISiiacki et al.l 12007 ) evidence does exist for AGN 
feedback in the high-redshift galaxy population and indirect 
evidence for t he radio-mode exists in low-redshift ear ly-type 
galaxies (e.g. iBest et alj|2005l ; ISchawinski et alj|2007f l. It is 
likely, therefore, that conditions in low-redshift LIRGs do 
not mimic those in the distant Universe (z > 1). For exam- 
ple, gas densities at high redshift are expected to be higheiQ 
and galaxies are likely to be more compact, plausibly allow- 
ing the AGN luminosity to couple more effectively to the 
interstellar material. In addition, galaxies will tend to be 
less massive, altering the proportional strength of the AGN 
compared to the potential well of the host galaxy. 

Perhaps more intriguing is the fact that (radio-mode) 
feedback appears to operate in early-type galaxies at low 
redshift (jSchawinski et all 120071 ) , while it is absent in the 
low-redshift LIRGs (which are overwhelmingly late-type in 
terms of their morphologies). Although we have demon- 
strated that LIRGs that host AGN have prominent bulges, 
their eye-inspected morphologies show that they are clearly 
late-type galaxies with a non-negligible disk component. Me- 
chanical feedback from AGN, in the conditions that are 
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prevalent at low redshift (e.g. gas densities, galaxy masses 
etc), therefore seems to be most efficient in systems which 
lack a significant disk component. 

Finally, we have used the subsample of the LIRG popu- 
lation that exhibits spheroidal or near-spheroidal morphol- 
ogy to explore the properties of 'mixed' major mergers in 
the local Universe. Early-type systems in our LIRG sam- 
ple - defined as spheroidal or near- spheroidal objects that 
are plausible progenitors of elliptical galaxies - have under- 
lying populations that exhibit (SSP-weighted) average ages 
of ~ 6.9 Gyrs and form between 5 and 30% of their stellar 
mass in the RSF episode, over time periods between 0.3 and 
4 Gyrs (lower limits since most of these objects still show 
disturbed morphologies). This suggests that these galaxies 
are the products of 'mixed' major mergers, where at least 
one of the progenitors has late-type morphology. Mergers be- 
tween two ellipticals would produce underlying populations 
that are overwhelmingly old (> 10 Gyrs old) and, since ellip- 
ticals are typically gas-poor systems, a 'dry' major merger 
(or equally a minor merger, see e.g. Figure 1 in Kaviraj et 
al. 2007d) would not supply enough gas to create the high 
LIRG-like SFRs in these systems. 

The local LIRG population offers a unique window into 
the vigorous star formation that plausibly shaped much of 
the galaxy population at high redshift. While these systems 
are rare at low redshift, an improved understanding of stel- 
lar mass assembly in the Universe will be greatly helped 
by studying the evolution of the LIRG population to high 
redshift. The advent of deep optical surveys offers an ex- 
cellent opportunity to extend the analysis presented in this 
paper by exploiting deep optical photometry to trace the 
rest-frame UV of galaxy populations at intermediate and 
high redshifts. In a forthcoming paper, we shall combine 
deep optical surveys with Spitzer imaging of the Chandra 
Deep Field-South to quantify the SFHs of distant LIRGs 
(0.5 < z < 1.5) and explore their star formation proper- 
ties. Combined with this study at low redshift, these results 
will allow us better understand the evolution of star-forming 
systems and the interplay between AGN activity and star 
formation over the last 8-10 billion years of cosmic time. 
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